We previously demonstrated that a mAb to human neutrophils, designated 3H9, which was established by screening for inhibition of neutrophil adherence to plastic plates containing fetal bovine serum, enhanced both n-formyl-methionyl-leucyl-phenylalanine (FMLP)-induced chemotaxis and random migration of neutrophils. In the present study, we examined the mechanisms of 3H9-induced enhancement of neutrophil locomotion in the phagokinetic track assay. 3H9-induced neutrophil locomotion maintained a straight path which was different from the track resulting from FMLP-stimulated locomotion. This 3H9-induced migration required extracellular Ca 2⍣ . β 2 -Integrin activation was a prerequisite for the increase in cytosolic free calcium induced by 3H9 treatment. However, stimulation by 3H9 did not induce an increase in F-actin, even after CD18 activation. Signal transduction after molecular recognition by 3H9 was not mediated by pertussis toxin-sensitive, heterotrimeric G proteins. These results suggest that 3H9 enhances neutrophil migration by mechanisms which are different from those involved in usual chemoattractant-induced migration. Neutrophil surface molecules recognized by 3H9 may play a crucial role in the regulation of transendothelial migration of leukocytes.
Introduction
Extravasation of leukocytes is an absolute prerequisite for (11) . Furthermore, focal adhesion kinase, that is essential for actin remodeling, has been demonstrated to be activated in inflammation and the immune response. This process has been extensively studied in terms of the interaction of cell adhesion neutrophils through stimulation with chemoattractants (12) . In order to further clarify the extravasation process, we previmolecules (1) (2) (3) (4) (5) (6) (7) (8) (9) . Extravasation of leukocytes consists of at least three steps: (i) a rolling of leukocytes on vascular surfaces ously established a mAb, 3H9, that inhibits neutrophil adhesion to plastic plates covered with media supplemented with FCS. by means of interaction between selectins on the leukocyte surface and their ligands on the vasculature, (ii) a tight binding This mAb also enhances in vitro chemotaxis by increasing cell motility (13) . In the present study, we further studied the of leukocytes to endothelial surfaces via β 2 -integrins and their ligands, and (iii) transendothelial migration. The first two steps characteristics of neutrophil locomotion induced by 3H9 using a phagokinetic track assay and examined the possible mechhave been well documented in molecular terms. However, details of the process and the molecular mechanisms involved anisms of the phenomena. We demonstrate in this paper that neutrophil locomotion induced by 3H9 may be governed via a in the third step, transendothelial migration, remain obscure, although the relationship between the second and third steps mechanism distinct from the known processes of chemotaxis and chemokinesis induced by chemoattractants, as judged by has been partially documented in reports showing that the β chain of integrins is bound to an actin binding protein, talin (10) , features of cell movement and the intracellular signal transduction involved. and that activation of β 2 -integrins induces actin polymerization
Methods
suspension was layered on top of the coverslips and left for 2 h at room temperature. The particle-coated coverslips Culture media and reagents were washed once in PBS, twice in RPMI 1640 medium supplemented with 10% heat-inactivated FBS and placed in RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with 10% heat-inactivated FBS (Whittaker Bioproducts, other 3.5 cm tissue culture dishes containing RPMI 1640 medium supplemented with 10% heat-inactivated FBS in the Walkersville, MD) was used as the incubation medium. The reagents used in experiments were purchased from compresence or absence of mAb 3H9. Freshly purified human neutrophils (2000 cells/dish) were preincubated for 30 min in panies shown in parentheses. These were EMEM (Nissui Pharmaceutical, Tokyo, Japan), n-formyl-methionyl-leucylthe presence or absence of pertussis toxin at a concentration of 0.5 or 1.0 µg/ml, seeded onto the dish and incubated at phenylalanine (FMLP), pertussis toxin and Quin2/AM (Sigma, St Louis, MO), Dextran 70 (Midori Juji, Osaka, Japan), Ficoll-37°C for 3 h under 5% CO 2 . The assay was terminated by adding 200 µl of 10% formaldehyde. The phagokinetic tracks Paque (Pharmacia, Uppsala, Sweden), heparin sodium injection-N (Shimizu Pharmaceutical, Shimizu, Japan), Fura2/AM on the coverslips were visualized with an inverted microscope at ϫ200 magnification. Using darkfield illumination, they were (Dojindo Laboratories, Kumamoto, Japan), BSA and lysophosphatidylcholine (Wako, Osaka, Japan), hydrogen tetrachlorothen photographed. Phagokinetic activity was measured by tracing areas cleared of gold particles by individual neutroaurate (Aldrich, Milwaukee, WI), nitrobenzoxadiazole (NBD)-phallacidin (Molecular Probes, Eugene, OR), goat F(abЈ) 2 phils. Percent swept area was calculated the following formula: (area swept of experimental group/area swept of control anti-mouse IgG (GAM-IgG) (Caltag, San Francisco, CA), anti-CD18 mAb producing hybridoma, TS1/18.1.2.11 (ATCC, groups)ϫ100. Rockville, MD) and anti-CD62L LECAM-1 mAb (Immunotech, Activation of CD62L LECAM-1 and CD18 by antibody crossMarseille, France). All other reagents were of the highest linking grade commercially available.
Antibody cross-linking was performed as described previIsolation of human neutrophils ously by Lofgren et al. (11) . In brief, human neutrophils (5ϫ10 6 cells/ ml) were incubated with 50 µg/ml of anti-CD62L LECAMHeparinized venous blood obtained from healthy volunteers was mixed with an equal volume of EMEM and an equal 1 mAb (IgG1) or anti-CD18 mAb (IgG1) for 30 min at 37°C in RPMI 1640 medium supplemented with 10% heat-inactivated volume of Dextran 70, and allowed to stand at room temperature for~60 min in order for the erythrocytes to sediment.
FBS. After washing, the cells were resuspended in each medium. Cross-linking of anti-CD62L LECAM-1 or anti-CD18 The leukocyte-rich supernatant (buffy coat) was washed with EMEM and then centrifuged on a Ficoll-Paque density gradient antibody was then performed at 37°C by the addition of GAMIgG (final dilution 1:30) in each assay. at 400 g for 30 min at room temperature. After the granulocyterich erythrocyte layer at the bottom was washed with EMEM, Determination of cytosolic-free calcium concentration residual erythrocytes were lysed by hypotonic shock. The granulocyte suspension contained~93% neutrophils.
The method described by Ng-Sikorski et al. was used for loading cells with calcium indicator dye, Fura2/AM (16). In A mAb, 3H9, that induces neutrophil locomotion short, 5ϫ10 6 cells/ml were incubated with 2 µM Fura2/AM for 60 min at 37°C. After washing, the cells were treated with A mAb designated 3H9 was established by immunizing BALB/c mice with phorbol 12-myristate acetate stimulated anti-CD18 or medium for 30 min at 37°C. Immediately before measurement, the cell suspension was centrifuged and resushuman peripheral blood neutrophils (PBN). Screening of mAb was performed by inhibition of FMLP-stimulated neutrophil pended in 2 ml of HBSS in a quartz cuvette. GAM-IgG and stimulant were added to the cuvette after starting and adherence to plastic plates containing FBS supplemented culture medium. 3H9 (IgG1) inhibited adherence of untreated measurement of fluorescence was carried out using a Hitachi spectrofluorimeter F2000 (Hitachi, Tokyo, Japan) illuminated and FMLP-stimulated human PBN. It also enhanced chemotaxis and chemokinesis of human PBN (13) . A mAb designated with alternating 340 and 380 nm light. Fluorescence emission was measured at 520 nm. TCY3 against Trypanosoma cruzi antigen which did not crossreact with neutrophils was used as an IgG1 control mAb (14).
Quantification of F-actin content Cell motility assay Neutrophils were stained with NBD-phallacidin and analyzed by FACS as described by Howard et al. (17) . Briefly, neutroTo determine cell motility, a phagokinetic track assay was performed as described previously by Albrecht-Buhler et al. phils (0.1 ml of 1ϫ10 7 cells/ml) were prewarmed for 30 min at 37°C, stimulated with the indicated concentrations of (15). Briefly, 22ϫ22 mm glass coverslips were dipped into a solution of 1% BSA. The coverslips were drained by touching agonists and fixed at various time points with ice-cold 3.5% formaldehyde in PBS for 1 h. Neutrophils were then exposed a Kim-wipe to their edges, and they were then dipped into 100% ethanol, quickly dried under a hair dryer and placed to a final concentration of 100 µg/ml lysophosphatidyl choline and 10 U/ml NBD-phallacidin, rinsed twice and resuspended in 3.5 cm tissue culture dishes. AuCl 4 H in distilled water (5.4 ml) and 36.5 mM Na 2 CO 3 in distilled water (18 ml) were in PBS for analysis using a FACStar (Becton Dickinson).
Fluorescence was recorded as the mean fluorescence chanadded to 33 ml of distilled water and heated in a glass flask over a burner. Immediately after the boiling point was reached, nel number. The relative F-actin content was calculated as the F-actin content in the test sample divided by the F-actin 5.4 ml of 0.1% formaldehyde solution in water was added quickly and mixed. Then, 2 ml of the hot gold particle content of control cells at time zero.
Extra and/or intra Ca 2ϩ chelation Intracellular Ca 2ϩ -buffered cells were prepared as described below. Human neutrophils (1ϫ10 7 cells/ml) were preincubated with 50 µM Quin2/AM at 37°C for 30 min in PBS. They were then washed twice and resuspended in PBS for use as Ca 2ϩ -buffered cells. Chelation of extracellular Ca 2ϩ was performed using RPMI 1640 medium supplemented with 10% heatinactivated FBS containing 1 mM EGTA.
Statistics
Values were generally expressed as means Ϯ SEM of at least three experiments. Statistical analysis was performed using Student's unpaired t-test. We examined the effect of 3H9 on neutrophil migration using µg/ml. Neutrophil migration was expressed as % swept areas of the a phagokinetic track assay as described in Methods. Incubanegative control (in the absence of 3H9). Data are means Ϯ SEM of five separate experiments.
tion of human neutrophils with various concentrations of 3H9 (1-50 µg/ml) for 3 h at 37°C enhanced their spontaneous migration in a concentration-dependent manner, and this enhancement reached a plateau (213.7 Ϯ 20.6%) at a concentration of 10 µg/ml (Fig. 1) . Kinetics of the effects of 3H9 on neutrophil migration are shown in Fig. 2 . Enhancement of neutrophil migration by 3H9 was already evident after 1 h and reached a plateau after 3 h. This pattern was different from that observed in the migration of medium-treated control neutrophils, which exhibited a gradual increase dependent on incubation time. Therefore, we performed the following experiments using a 3 h incubation. To examine the locomotive behavior of individual neutrophils stimulated by 3H9, we compared the shapes of tracks formed by 3H9-induced neutrophil locomotion to those of FMLP without a spatial concentration gradient. As shown in Fig. 3 , unlike the response to FMLP which reflects many short changes in direction, 3H9-stimulated neutrophils tended to maintain straight paths. Neutrophil locomotion is dependent on intracellular calcium signaling on a fibronectin or vitronectin surface but not on an albumin-coated surface (18, 19 . On the other hand, when CD18 molecules on phils (1ϫ10 7 cells/ml) were preincubated with 50 µg/ml of anti-CD18 mAb for 30 min at 37°C. After washing, the cell neutrophil surfaces were activated by cross-linking, subsequent stimulation of these cells with 3H9 resulted in an were suspended in the incubation medium and the phagokinetic track assay was then performed. As shown in Fig. 5 , increase in [Ca 2ϩ ] in (Fig. 6a-d) . Since CD18 activation itself induces a [Ca 2ϩ ] in increase, we next examined the effect of regardless of the presence of 3H9 or FMLP, neutrophil migra- Fig. 4 . Effects of extra-and/or intra-cellular Ca 2ϩ chelation on migration induced by mAb 3H9. Human neutrophils (1ϫ10 7 cells/ml) were preincubated with 50 µM quin2/AM at 37°C for 30 min in PBS. They were then washed twice, resuspended in PBS and used as Ca 2ϩ -buffered cells. Ca 2ϩ -buffered cells and medium-treated cells were incubated with both incubation medium and incubation medium plus 1 mM EGTA. Neutrophil locomotion was expressed as percent swept areas of the control (a negative control mAb, TCY-3-treated group). Data are means Ϯ SEM of three experiments.
Fig. 5.
Effect of anti-CD18 antibodies on neutrophil migration induced by mAb 3H9 in the phagokinetic track assay. Human neutrophils (1ϫ10 7 cells/ml) were preincubated with or without 50 µg/ml of anti-CD18 for 30 min at 37°C in the incubation medium. After washing, the cells were suspended in the incubation medium, and the phagokinetic track assay was then performed. Neutrophil locomotion was expressed as percent swept areas of the control (a negative control mAb, TCY-3 treated group). Data are means Ϯ SEM of three experiments. Fig.  6i-j) . These results clearly indicate that β 2 -integrin activation [Ca 2ϩ ] in ; however, subsequent simulation with 3H9 of neutrophils treated in this manner did not (Fig. 6e-h) . Next, to is required for the increase in [Ca 2ϩ ] in produced by 3H9 treatment. explore whether β 2 -integrin activation is prerequisite or signal by 3H9 did not affect neutrophil actin polymerization in cell suspensions, in contrast to stimulation with FMLP. The same result was obtained when we examined the F-actin content after CD18 activation by antibody cross-linking (Fig. 8) . These results suggest that an increase in the total amount of F-actin is not required for 3H9-enhanced neutrophil locomotion.
Effects of pertussis toxin on 3H9-induced neutrophil migration
Receptors for 'classical' chemoattractants, such as FMLP, leukotriene B 4 and C5a, are coupled to pertussis toxinsensitive, heterotrimeric G proteins. To determine whether the neutrophil migration stimulated by 3H9 was also associated with activation of G protein, we compared the effect of pertussis toxin on migration of neutrophils treated with 3H9 on either the migration of neutrophils induced by 3H9 or on spontaneous migration (Fig. 9) .
Effects of 3H9 on neutrophil actin polymerization Discussion To determine the role of actin polymerization in 3H9-induced neutrophil migration, we examined the F-actin content by
We have demonstrated in this study that a mAb, 3H9, induces neutrophil locomotion, the mechanisms of which may differ FACS, as described in Methods. As shown in Fig. 7 , stimulation that neutrophil locomotion induced by 3H9 occurs after tight adherence of this cell through integrin families. Since 3H9 may mimic a ligand to a neutrophil surface molecule recognized by this mAb, stimulation of this molecule by unknown ligands after activation of certain intracellular signal transduction pathways induced by interaction of integrin families with their ligands may modulate cell motility.
As for no increase in total F-actin observed in neutrophil motility induced by a mAb, 3H9, similar, although not identical, phenomena have been reported. Colchicine-induced neutrophil locomotion has been demonstrated not to accompany any measurable increase in F-actin (21) . Although not in connection with neutrophil locomotion, the kinetics of F-actin formation in neutrophils have been shown to be much slower when these cells are adhered to a plastic surface compared filaments by actin binding proteins such as gelsolin at the tip of the lamella may lead to osmotic swelling of the actin gel within the lamella, resulting in protrusion of the lamella (23). mAb 3H9-induced neutrophil motility may be governed through mechanisms which may be similar to those mentioned above or a quite novel mechanism. Further detailed observations may give an answer to this problem.
In this study, [Ca 2ϩ ] ex was essential for neutrophil locomotion induced by 3H9 (Fig. 4) , although the mechanism involved is unclear at present. However, these are several possible explanations. (i) It is conceivable that 3H9-induced neutrophil locomotion is indirectly modulated via regulation of CD18 molecules by [Ca 2ϩ ] ex . In fact, all integrin α subunits contain highly conserved regions that share homology with EF hand structures of Ca 2ϩ -binding proteins (24-26) and the binding functions of several integrins are markedly affected by the extracellular divalent cation composition (27). Moreover, dival- locomotion induced by 3H9.
Our preliminary experiments show that 3H9 inhibits transendothelial migration in vitro (Takei, unpublished results), suggesting that the molecule recognized by 3H9 may be involved from that of this cell locomotion induced by chemoattractants as follows. (i) Neutrophil motility induced by 3H9 treatment is in transendothelial migration of leukocytes in vivo. Studies to elucidate the mechanisms involved in the phenomena not accompanied by an increase in F-actin that is usually observed in this cell motility induced by chemoattractants observed in this study are currently underway. (Fig. 7). (ii) Pertussis toxin-sensitive heterotrimeric G proteins are not involved in the reaction, differing from that inducedAlthough the mechanisms of the observed phenomena are still obscure, the following is conceivable. The result that Abbreviations activation of β 2 -integrins but not L-selectins is prerequisite for FMLP n-formyl-methionyl-leucyl-phenylalanine induction by 3H9 of increase in [Ca 2ϩ ] in (Fig. 6) 
